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Abstract
X-ray diffraction (XRD) is widely applied in a variety of disciplines to identify crystalline solids
in a powdered sample. Recent software advances have made quantitative analysis of samples
easier and more accessible, but the quality of the result depends on the sample preparation and
data collection procedure. This project focuses on testing methods of sample preparation and
XRD data collection and analysis to lay the groundwork for refinement of the existing standard
operating procedures at CWU. First, I determined the ball mill grinding time necessary to
powder different mineral samples. The addition of hand grinding to ball mill-ground samples
produced important, systematic differences in grain size. I performed initial XRD measurements
and used the data to assess the purity of mineral samples. I compared data collected using two
different types of XRD sample holders and found that they produce data of similar quality.
Longer measurement durations produce data of better quality than shorter durations.
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1. Introduction
X-ray diffraction is a versatile method of data
collection and analysis that is widely utilized across a variety
of disciplines, particularly to identify, quantify, and/or
determine the atomic structure of the materials in a sample
(Reynolds, 1989; Nagao, 2020). In geology, X-ray diffraction is widely applied to rocks and
other geological deposits. Other applications of X-ray diffraction techniques include
pharmaceutical research and development, cement analysis, and studying organic molecules
(Stepanovs et al., 2016; Stutzman et al., 2016; Chen et al., 2012).
The quality of X-ray diffraction results depends on sample preparation and data
collection methods, which are specific to sample type and instrument. This is shown prominently
by the variability of results compiled by Scarlett et al. (2002) for the same samples analyzed
using a variety of methods and instruments. As a result, research into preparation and data
collection conditions and how they control the accuracy and precision of collected data is very
important. While my study does not address accuracy and precision, it represents the necessary
groundwork for future research in this area using CWU’s instruments (see Section 5.4 for further
discussion).
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Figure 1: Diagram illustrating the stages of the project. Stages labeled “THIS STUDY” were explored in this
project, while stages labeled “FUTURE WORK” should be explored in future research (for further
discussion, see Section 5.4). SOP stands for standard operating procedure.

In this study (Figure 1), I explore how sample preparation and data collection conditions,
as well as the approach to analysis, influence the quality of data and results derived from that
data. I use my observations, experience, and analysis of the data to develop preliminary
recommendations for sample preparation and data collection and analysis that can be used to
modify the existing instrument procedures for future work at CWU (see Section 5.3).
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2. Background
2.1 XRD Basics
An X-Ray Diffractometer (XRD) is a scientific instrument that bombards a sample with
X-rays to assess the atomic-scale structure (Figure 2; see Appendix B for additional figures and
explanation). The X-rays generated by XRDs have a wavelength (Figure 3) that is similar to the
spacing between atomic layers in most crystal structures. As a result, the X-rays generated by the
XRD that strike a finely-powdered sample are diffracted at specific angles by atomic planes
within the sample instead of passing through them (Figure 2). A detector rotates through a range
of angles and continuously counts the number of X-rays, producing a graph of diffraction peaks
(see Figure 5).
Figure 2: Visualization of how two X-rays
that strike a powdered sample are
diffracted by it. The variable d is the
spacing between atomic planes in the
crystals. ABC is the path taken by the X-ray
that is diffracted by the first plane. A’B’C’ is
the path of the X-ray that is diffracted by
the second plane. The wavelength of the
X-rays is represented by λ. The two X-rays
are in-phase when the difference in length
between the two paths ABC and the A’B’C’
is a whole number of wavelengths. The
difference in length between the paths
depends on the spacing d and the angle of
incidence 𝜃. Figure from Henry et al.
(2016).
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Figure 3: Illustration of constructive and destructive interference. The wavelength is λ, while the amplitude
is a. When two waves are in-phase (as on the left), their crests and valleys are lined up with each other.
They add together to form a larger wave. When two waves are out of phase (as on the right), their crests
line up with their valleys and vice versa. They cancel each other out. Figure from Keeley et al. (2018).

Two X-rays that are in-phase will add together; this is referred to as constructive
interference. The opposite, destructive interference, occurs when two X-rays that are out of phase
cancel each other out (Figure 3). In-phase X-rays hit the detector while those that are
out-of-phase do not. This leads to what is known as a diffraction pattern, where, depending on
the angle, X-rays are either detected or not detected (Nagao, 2020). The spacing between parallel
atomic planes and the angle at which the X-rays strike them determine the amount of
constructive interference that occurs (Figures 2 and 3). In addition, the spacing between atomic
layers varies depending on the orientation and type of the crystal that the X-rays strike. The
sample is finely ground to capture all possible crystal orientations (Figure 4).
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Figure 4: Demonstration of the difference in measurement between hypothetical samples, one well-ground
and the other under-ground. Crystallites are grains of a crystalline sample. When an atomic plane set is
detected, that means that it diffracts the incident X-rays so that they are in-phase. See Section 2.2 and
Appendix A for an explanation of intensity. Modified from University of Alberta.

2.2 Data Collection and Analysis
When data are collected, the instrument produces a graph of the intensity of X-rays
versus the angle of the X-ray detector (2-theta). Using these graphs, we can determine the angles
at which peak intensities occur. These angles, and their associated peak intensities, are unique to
different minerals (Figure 5; see Results for further examples). As a result, we can use the
spectra, along with match units, to identify the mineral in question. Researchers have
developed match units for many minerals; these are previously obtained “standard” graphs for a
particular substance which are compared to one’s own data (Figure 6). When the data are
processed, each peak is compared to those of different match units in a database to determine the
best match. The best-fitting match unit is one whose peaks are centered on those of the data
being analyzed; this unit also has relative peak heights that fit the relative heights of the data
5

collected. These two aspects of the unit should match the data as closely as possible because the
angles at which certain peaks occur, and their relative heights, are controlled by mineral
composition and structure, which can vary slightly or drastically even among similar minerals.
Crystallographic preferred orientation can also affect relative peak heights, and must be corrected
for when performing quantitative analysis (see Methods).

Figure 5: X-ray spectrum collected during the first XRD run for sample 748 (Olivine, North Carolina
dunite). The peaks indicate where the X-rays were diffracted off of the sample at numbers above
background. Note the lack of peaks beyond 80 degrees 2-theta, which is typical for many minerals and is
the reason why data in this paper is collected from 5-80 degrees 2-theta rather than the full angle range.
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Figure 6: Comparison of the spectrum from the previous figure with that of a match unit in the
Crystallographic Open Database (COD). This match unit was the one that the processing software
calculated as the best match. The red line is the data collected, while the green lines are the peaks of the
match unit. Notice how the match unit’s peaks and those of the data occur at similar angles.

2.3 Sample Preparation
Since grain size has an impact on data quality (Figure 4), I ground samples using a ball
mill, which is a mechanical grinding instrument (Figures 7 and 8). I also added hand grinding to
these ball mill-ground samples using an agate mortar and pestle (Figure 9) to determine how this
affects grain size and XRD data quality (see Methods for further explanation).
The time needed to mechanically mill each sample varies between different minerals (see
Results). The optimal grain size range for quantitative analysis using an XRD is five to ten
microns (Angela Halfpenny, personal communication, 2021) (one micron, or micrometer, is 10-6
m). When samples are not ground to a fine enough particle size, small peaks that are normally
present in the material’s spectrum blend into the background and disappear. In addition, the
7

peak-to-background ratio is lower (that is, the peaks that are present are less distinct from the
background) than for a well-ground sample (University of Alberta, 2021; Nagao, 2020).
However, if the sample is ground too finely, peaks become too broad and peak intensities
decrease (Omori, 2021). These issues lead to errors in quantitative analysis. Properly prepared
samples are also more likely to stay in the holder during measurement.

Figure 7: The Retch Mixer Jar Mill MM 400 ball mill in Discovery Hall Laboratory room 313. I ground
samples using the larger jar on the left, which is 50 mL.

Figure 8: Simplified sketch (not to scale) of the 50
mL ball mill container and its contents. The
container shakes back and forth at a frequency of 30
Hz, causing the steel balls to collide with the sample
and break the sample into smaller pieces. Only one
steel ball is shown here, but I used 12 for each run.
The container consists of 1/3 steel balls, 1/3
sample, and 1/3 empty space.
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Figure 9: The agate mortar and
pestle I used for hand-grinding.
Material is put in the mortar and
ground with the pestle.
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3. Methods
3.1 Ball Mill Grinding
First, I crushed the samples down to pieces about 1 cm in diameter or less. For the garnet
sand, I crushed the grains down to 2 mm or less. Then, I ground all the samples individually
using a ball mill (Figure 6). I set the frequency to 30 Hz and used 12 steel balls and a 50 mL
container with 10 g of sample (Figure 7). I evaluated grain size qualitatively by feeling the
powder between my fingers. In order to determine the grinding duration for each mineral (see
Results), I ground each sample for an initial time (30 minutes) before evaluating grain size, and
then added additional grinding time until the sample no longer felt gritty.

3.2 Hand Grinding
I performed hand grinding on about 0.6-0.7 g of the mechanically-ground samples. I
manually ground the samples with an agate mortar and pestle (Figure 8; Appendix C) for 2
minutes each, using circular motions while attempting to apply equal pressure over the sample
being ground. I did this to avoid applying uneven amounts of grinding to the samples.

3.3 Particle Size Analysis
For both preparation methods, I evaluated grain size quantitatively by using a particle
size analyzer (Figure 10). I set the stirrer speed to 3000 revolutions per minute and the
obscuration to 15-25%. I used ultrasound to reduce clumping when necessary. Three grain size
measurements of each sample were taken and the results were averaged together.

10

Figure 10: The Malvern Mastersizer 3000 particle size analyzer in Discovery Hall Laboratory room 313.

3.4 Preparing Samples for XRD Measurement
Samples are put into holders for XRD runs through a process referred to as “packing.”
The process we use is almost the same as that used by Stutzman et al. (2016). The material is
first spread uniformly into the holder’s well with a flat, thin tool. We use the edge of a
rectangular, glass microscope slide for this purpose. Following this, excess material is cleared
away from the holder and well’s edge. Then one uses a flat cylindrical glass piece to compress
the material into the holder. The material is compressed vertically as one pushes down on it. The
packed sample must then be inspected using a light microscope to check that the material’s
surface is uniform and level with the well’s edge, because otherwise a systematic shift in peak
positions will occur (Stutzman et al., 2016). Once these two conditions are achieved, the holder
is briefly turned over to ensure that the material will stay in the holder when the XRD spins and
tilts it during measurement.
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3.5 XRD Measurement
I used CWU’s Rigaku MiniFlex 600 X-ray diffractometer (XRD) to collect XRD data.
Table 1 outlines the XRD conditions used for collecting data during this project. Different
measurement durations were achieved by changing the scanning speed (Table 2). Data collected
for 8 minutes (27 minutes when available) were used for purity assessments (see Appendix D for
examples of this data), while data collected for 54 minutes were used to compare grinding
methods. I performed initial data collection for all minerals, which includes the data collected for
purity assessments, with the 20 mm x 0.5 mm solid aluminum holder. I used the 10 mm x 0.2
mm zero-background holder to collect data for comparison of grinding methods (Figure 11; for
further discussion of holder usage, see Discussion).
XRD model

Rigaku MiniFlex 600

X-ray tube operating conditions

40 kV, 15 mA

X-ray tube wattage

600

X-ray wavelength

CuKα

Detector type

1-dimensional strip

Scan type

continuous

2-theta angle range (degrees)

5 - 80

Step (degrees)

0.02

Scan speed (degrees/minute)

10
3
1.5

Holders

20 mm x 0.5 mm solid aluminum holder
10 mm x 0.2 mm zero-background holder

Table 1: XRD operating conditions for measurements performed in this project.
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Speed (degrees/minute)

Calculated measurement duration

10

8:19 minutes

3

26:57 minutes

1.5

53:35 minutes

Table 2: Measurement duration increments used in this project. “Calculated measurement duration” refers
to the duration that the instrument calculates based on measurement conditions.

Figure 11: Two types of sample holders for XRD measurement. The holder on the left has a 0.5 mm-deep
well that is 20 mm in diameter. The holder on the right has a 0.2 mm-deep well that is 10 mm in diameter.
The mirror-like surface around the well on this holder is the silicon crystal that makes the holder
zero-background. Initial runs were performed using the holder on the left, while runs following purity
assessment were performed with the holder on the right.

3.6 Purity Assessment
Using data collected for 8 minutes and 27 minutes (Appendix D) and Rigaku’s PDXL2
software, I assessed the purity of seven mineral samples: silica flour; olivine; anorthoclase;
andesine; labradorite; potassium feldspar; and garnet. I did this by comparing the data to match
units from the Crystallographic Open Database (COD).
13

When XRD measurement data is loaded into the software used to process it,the software
automatically generates a list of the (crystallographic) peaks that it identifies. The software can
make mistakes, so I need to first remove “peaks” that are noise misidentified by the software as
peaks. For this project, peaks that were less than 100 counts in intensity or were less than 3 times
the height of the background were considered noise and removed.
Following this process, I allowed the program to search through the available match units
to determine which ones best fit the data (based on statistics). Once the software finishes, it
generates a list of these match units. I examine the selected match units and exclude matches that
are unrealistic. This is necessary because the software can make mistakes during this process,
including selecting substances that are unlikely to be present in the sample (e.g., synthetic
compounds in a natural sample; Kasari, 2022). I repeated this process until all unknown peaks
were identified. If needed, I identified minor minerals that are likely to be present (based on
observation of the sample and prior knowledge of what minerals can occur together) and had the
software search for those minerals separately to determine if they matched any of the data. This
follows the recommended procedure given by Aranda et al. (2012).
After all the peaks were identified and match units were set, I had the software correct for
crystallographic preferred orientation (CPO) of the minerals (see Background for an explanation
of this phenomenon) and performed quantitative analysis using the Rietveld method. I completed
this analysis process for each sample (individually) and then compared the quantitative results
for different samples. I selected four samples of varied mineral types, each composed of >90%
one mineral, to be the focus of further analysis for this project.
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4. Results
4.1 Purity Assessments
I assessed the purity of seven mineral samples using Rietveld analysis (Methods;
Appendix C). I selected four samples that show at least 90% purity and represent a range of
mineral types: silica flour, one of the olivine samples, labradorite, and garnet sand (Table 3).
These samples are the focus of data presented in this paper. For the full list of purity assessments,
see Appendix E.

Sample

Main Mineral

Match Unit
Reference Number

Purity (wt. %)

01 Silica Flour

Quartz (SiO2)

7103014

100.0

748 Olivine (NC
Dunite)

Olivine

9001096

98.95(9)

06 Labradorite

Labradorite

8103636

100.0

10 Garnet Sand

Pyrope and
Almandine

9001190
9006111

91.5(10)

Table 3: Purity of the four mineral samples selected to be the focus of this project. I assessed the purity of
the silica flour using data collected for 27 minutes, while I used 8-minute data for the other three (see Table
1 for an explanation of these measurement durations). Note that for the garnet sand, overall purity is taken
to be equivalent to the sum of the pyrope and almandine content, as these are different compositional types
of garnet that can coexist together. The numbers in parentheses indicate the uncertainty and apply to the
last digit of the value.

4.2 Grinding Methods
The necessary ball mill grinding duration varies depending on the mineral (Table 4). The
grain size distribution curves of mechanically-ground samples take on a similar shape between
minerals (Figure 12), with some exceptions (Appendix F). In most cases, grain sizes are
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concentrated into two peaks: the first is generally ~1 μm. The position of the second peak differs
depending on the mineral, but is generally in the 20 - 30 μm range (Figure 12).
The grain size distribution curves of samples that were additionally hand-ground show
systematic differences compared to those of the mechanically-ground samples (Figures 12 and
13). While the grain size is decreased overall (compared to the mechanically-ground samples),
the exact nature of this change varies depending on the mineral (Figure 13; Appendix F). The
percentage of grains >10 μm in size decreased while the percentage of grains ~1 μm in size
increased. They also show a marked decrease in grains ~100 μm in size (Figure 13). In some
cases, the position of the peaks noticeably shift toward lower grain sizes.
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Sample

Initial mass (g)

Total Ball Mill Grinding
Time (min)

01 Silica Flour

10.0696

30

748 Olivine (NC dunite)

10.2418

65

02 Olivine (TSD)

10.0310

65

03 Plagioclase

10.0273

110

04 Anorthoclase

10.2388

50

05 Andesine

10.1240

85

06 Labradorite

10.0687

70

07 Potassium Feldspar

10.0495

50

08 Muscovite

7.5302

35

09 Biotite

6.6761

35

10 Garnet Sand

10.0403

60

Table 4: Total ball mill grinding duration for mineral samples. Muscovite and biotite had lower initial
masses because less material was available compared to the other samples.
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Figure 12: Grain size distributions of four mineral samples subjected to two different grinding methods. Volume density refers to the percentage (by
volume) of the sample that is a given size. Note that the x-axis (representing grain size) is logarithmic. “Ball mill” refers to samples ground using the ball
mill with the conditions outlined in Methods and for the durations listed in Table 4. “Ball mill and hand grinding” refers to samples ground using the ball
mill and then hand-ground for 2 minutes with those conditions also detailed in Methods.
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Figure 13: Graphs showing the change in the grain size distribution for four samples. The starting grain sizes are those obtained from only ball mill
grinding, while the final grain sizes are those obtained from additional hand-grinding of the ball mill-ground samples (see Methods for a more thorough
explanation of these grinding methods). A negative change indicates that the percentage of that size grain decreased after I hand-ground the sample. A
positive change indicates that the percentage of that grain size increased after I hand-ground the sample. Note how each graph displays a sharp decrease
(60% or more) in the percentage of grains ~100 μm or more
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4.3 XRD Measurement Durations
Figure 14 compares XRD data collected at different measurement durations. The
intensity (total counts) of the data increase with increasing measurement time for all samples
(note the height of the tallest peak in the silica flour data in Figure 14). In addition, as
measurement duration increases, smaller peaks become more pronounced and more easily
distinguishable from the background radiation level. This is particularly evident when comparing
54-minute data to 8-minute data (note the peaks between 36-40 degrees 2-theta in the labradorite
data in Figure 14).

4.4 XRD Holder Type
Figure 15 compares the data collected for two different holders (see Methods). Both
holders used the same sample (labradorite) prepared using the same grinding method (ball mill
only) and measured for the same duration (54 minutes). The data collected using the
zero-background holder displays a noticeably lower background radiation level compared to the
data collected using the solid aluminum holder, especially from 5-40 degrees 2-theta (Figure 15).
In addition, most of the total peak heights for the zero-background holder data are slightly lower
than those of the solid aluminum holder data. Despite this, the heights of peaks relative to each
other are similar between the two sets of holder data.

4.5 XRD Results with Different Grinding Methods
Figure 16 compares XRD measurement data for three samples with two different
grinding methods applied to them (for further discussion of these methods, see Methods). All
data was collected for 54 minutes using the zero-background holder. Overall, the two grinding
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methods produce measurement data with similar peak positions. However, relative peak heights
do differ in some samples (compare the relative heights of the five highest olivine peaks in
Figure 15 for example). Two of the three samples shown here (olivine and silica flour) have
generally higher peak heights in the hand-ground samples (compared to those of the
mechanically-ground samples). Additional samples are needed to further explore this
relationship.
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Figure 14: XRD data collected for silica flour and labradorite at different measurement durations (see
Methods for XRD measurement conditions and an explanation of how different measurement durations were
produced). These graphs enlarge parts of the full data to make differences more noticeable. Note the differing
x- and y-axis scales between graph sets.
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Figure 15: Comparing XRD data for ball mill-ground labradorite collected using two different holders (see
Methods) with the same duration of measurement (54 minutes). The data collected using the
zero-background holder shows a lower background radiation level from ~5-40 degrees 2-theta. The
zero-background holder data also shows lower total peak heights than the solid aluminum holder, while
maintaining similar relative peak heights.
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Figure 16: XRD measurement data for two different grinding methods collected with the same measurement
duration (54 minutes). See Methods for explanations of grinding and XRD measurement conditions. Note the
differing y-axes between graphs. Also notice how the two graphs for each mineral appear similar to each
other.
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5. Discussion
5.1 Different Grinding Methods
Grain Size Analysis
Different minerals require different grinding durations to achieve similar grain size
distributions (Table 3; Figure 12). The feldspar samples that I ground for more than one hour
(Table 3) had one or two large grains that did not grind down with the rest of the sample when
put in the ball mill. It is unknown why this phenomenon occurred with only feldspars, nor why
some feldspars experienced this issue while others did not. In all three cases, the large grains
were removed to prevent the rest of the grains from becoming too small as a result of
overgrinding. This may have altered the composition of the samples, however, so future work
should aim to avoid this by re-adding the large grains after they have been ground down (see
Section 5.4).
Important, systematic differences exist in grain size distribution between samples
prepared using two different grinding methods (as seen in Figures 12). However, it is not
possible to quantify the hand grinding that is performed on samples already ground with a ball
mill, so future work should involve performing hand grinding before mechanical grinding.
XRD Measurement Data
Determining the necessary grain size for XRD measurement is further complicated by the
existence of inconsistent information on the lower limit of grain size that is acceptable for XRD
measurement (and quantitative analysis). Omori (2021) recommends that grains be no smaller
than ~3 μm to avoid peak broadening and subsequent decrease in data quality (see Background)
whereas Kasari (2022) suggests that peak broadening occurs when grains are less than 0.1 μm
instead. Additional work is needed to find publications on grain size analysis and its intersection
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with XRD measurement conditions and results. These publications appear to be focused more on
material science and industry rather than geology (e.g., Aranda et al., 2012), but should be
considered in future work.
In contrast to the systematic differences in grain size distribution, the two grinding
methods produce XRD measurement data with variable differences in relative peak height
between samples (Figure 16). Further research should aim to explore this relationship (or lack
thereof) between grain size (and grinding method) and variations in XRD data quality (see
Future Work).

5.2 XRD Measurement Conditions
Measurement Duration
It is clear from comparisons of data measured for different durations (Figure 14) that data
quality improves as duration increases. I believe 54 minutes to be a suitable measurement
duration for analysis, as the highest peak is at least 10,000 counts (regardless of the holder used)
in data collected for 54 minutes. Rigaku recommends that the highest peak be at least 10,000
total counts for quantitative analysis (Application Note B-XRD1001). The 8-minute (and some
27-minute) data do not have 10,000 counts on the highest peak (Appendix D). The 54-minute
data also produces the most distinct peaks compared to 8- and 27-minute data, especially for the
time invested.
Sample Holders
I used two different XRD sample holders in this project (see Methods). I collected initial
data with the 20 mm x 0.5 mm solid aluminum holder because, with the large well space for
material, it should produce peaks with high total counts. I switched to the 10 mm x 0.2 mm
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zero-background holder to perform measurements for longer than 27 minutes because this holder
presents much lower risk of the samples spilling during longer measurement durations.
Comparing data produced by the two holders, it is clear that the overall quality of the data is
maintained with the zero-background holder (see Results and Figure 15 for an in-depth
discussion of this comparison). In addition, less material is required for measurement when using
the zero-background holder because of the smaller well. This is helpful for projects where little
material is available or produced.

5.3 Recommendations for Sample Preparation and XRD Operation and Data Analysis
I recommend combining ball mill and hand grinding for sample preparation. Ball mill
grinding by itself produces an uneven grain size distribution that hand grinding (with an agate
mortar and pestle; see Methods) helps to mitigate (Figures 12 and 13). Hand grinding may also
help reduce the size of abnormally large grains without the risk of overgrinding the rest of the
sample, although future work is needed to evaluate this suggestion.
I am using the existing standard operating procedure as the basis for establishing
recommended measurement and analysis procedures (Appendix G). When performing XRD data
collection, all other conditions being equal (Table 1), the 10 mm x 0.2 mm zero-background
holder provides lower risk of spilling while requiring less material than the 20 mm x 0.5 mm
solid aluminum holder. The zero-background holder also has the advantage of producing peaks
of similar height to the aluminum holder while lowering the background radiation level,
producing distinct peaks with adequate count numbers for qualitative and quantitative analysis.
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5.4 Future Work
Purity Assessments
My analysis of sample purity represents a relatively limited exploration into this topic. I
performed purity assessments with 8-minute-duration measurement data, which is not optimal
for quantitative analysis. Future work should involve performing purity assessments with data
collected at longer durations (e.g., 54 minutes or longer) to more precisely determine the purity
of mineral samples that will be used for synthetic rock mixtures (see “Synthetic Rock Mixtures”
section). Purity assessments should also involve data collected with the same measurement
duration(s) for each sample to allow for comparison of results. Match unit availability is another
an important consideration. I only used one open-source database, but CWU has access to other
databases with a wider selection of match units. This is important because having access to a
greater variety of match units improves the ability of find a good match to the data. Future
researchers should aim to make use of these databases to improve match unit availability and
quality.
Sample Preparation
Further work is needed to explore different grinding options, including evaluating
different durations, tools, and how different minerals respond to changes in these parameters.
This is particularly applicable to samples that may be prone to abnormally large grains that don’t
grind down with the rest of the sample. Further work should aim to test methods of grinding
these grains down to the proper size without compromising the grain size (or chemistry) of the
rest of the sample, perhaps through the addition of separate hand grinding. The duration of hand
grinding added before mechanical grinding, the grinding containers used, the amount of sample
being ground at once, the number of steel balls (Figure 7), and the use of ethanol during grinding
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(also referred to as “wet grinding”) are also parameters that should be explored in-depth to
evaluate the most optimal conditions for sample preparation.
Further work is also needed to establish the relationship between grain size distribution
and differences in relative peak heights in XRD measurement data (Figure 16). This includes use
of more and different minerals, and additional measurement durations. The two grinding
methods used in this project produce XRD data that show variable differences across a limited
number of different minerals (Figure 16). Further work is needed to explore how and why these
differences in XRD data vary between minerals, and if this variation is due to issues like
preferred orientation (see Background for further explanation) or human error and natural
variation in packing. Repeated measurements of the same sample are needed to distinguish
differences in data due to grinding method versus differences due to other factors.
XRD Measurement Conditions
While it is clear that 54-minute data produces higher-quality data than 8- or 27-minute
data, further work is needed to constrain the most optimal measurement duration. Exploring
different measurement durations will be especially necessary when research transitions into more
complex, multiphase samples, which may require longer measurement durations to produce data
of similar quality to data collected for individual minerals. This is important because multiphase
samples produce data with lower peaks for each component. For example, consider two samples:
one that is 100% one mineral; and one that only contains 50% of that same mineral. The sample
that is 50% of the mineral will have only 50% of the number of counts for peaks produced by
that mineral compared to the counts of peaks produced by the sample that is 100% the same
mineral.
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Synthetic Rock Mixtures
In addition to sample preparation methods, future research should be focused on further
evaluating methods of XRD data collection and quantitative analysis of that data. One way to do
this would be to create synthetic rock mixtures by combining individual mineral samples (similar
to the approach of Scarlett et al., 2002). The “pure” mineral samples used in this project are
available for this purpose as they were selected to represent a range of mineral types. Although
together they do not represent a realistic mineral assemblage, they could still be useful for
evaluating measurement conditions and quantitative analysis procedures. Other samples that are
similarly “pure” could be added to this group to work towards better approximating real rock
assemblages.
Use of these synthetic rock mixtures would be ideal to evaluate the accuracy and
precision of the results produced using XRD data collected with different conditions. This is
possible through comparison of quantitative analysis results with the known composition of the
sample. This approach would be similar to that of Scarlett et al. (2002) and Moeckel and Butt
(2017). In a similar vein, real rock samples could be used to further evaluate the conditions
explored using synthetic rocks. This research, which includes the groundwork laid by this
project, needs to be done at CWU. It is essential that experiments are performed using CWU’s
materials and instrumentation to develop and refine standard operating procedures that can be
utilized by students and researchers at CWU.

30

Acknowledgments
This research was supported by funding from Central Washington University’s Office of
Undergraduate Research (OUR). OUR also provided funding for presentation at GSA Connects
2021. I also wish to acknowledge the use of the Murdock Research Laboratory (managed by Dr.
Angela Halfpenny) to perform research in this project.
I would like to thank Trent Adams for providing the silica flour used in this project. I
would also like to thank him, along with Angela Halfpenny, for providing laboratory safety
training and XRD training in Discovery Hall at CWU. Angela Halfpenny also provided vital
support and energy to this turbulent project. I also wish to acknowledge Bre MacInnes for her
contribution in training me to use the particle size analyzer in Discovery Hall.
Finally, I wish to thank Chris Mattinson for being my mentor and my confidant during
this journey. His support, guidance, and advice made this research (and the resulting thesis)
possible. Thank you!

31

References
Aranda, M.A.G., De la Torre, Á.G., and León-Reina, L., 2012, Rietveld Quantitative Phase
Analysis of OPC Clinkers, Cements and Hydration Products: Reviews in Mineralogy &
Geochemistry, no. 74, p. 169-209, doi:10.2138/rmg.2012.74.5.
Chen, J., Chen, X., Zhu, Q., Chen, F., Zhaoa, X., and Ao, Q., 2012, Determination of the domain
structure of the 7S and 11S globulins from soy proteins by XRD and FTIR: Journal of the
Science of Food and Agriculture, no. 93, doi:10.1002/jsfa.5950.
Henry, D., Eby, N., Goodge, J., and Mogk, D., 2016, X-ray reflection in accordance with Bragg's
Law: Geochemical Instrumentation and Analysis: Science Education Resource Center,
https://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html (March 2021).
Kasari, M., 2022, Power X-ray Diffraction Basic Course Fourth Installment: Qualitative
Analysis: Rigaku Journal, no. 38(1), p. 7-12.
Keeley, B.W., Keeley, A., and Houlahan, P., 2018, Ridge number in bat ears is related to both
guild membership and ear length: PLOS One, no. 13(7), doi:10.1371/journal.pone.0200255.
Lorca, D., Martin-Albo, J., Laing, A., Ferrario, P., 2014, Characterisation of NEXT-DEMO using
xenon K_alpha X-rays: Journal of Instrumentation, no. 9(10),
doi:10.1088/1748-0221/9/10/P10007.
Moeckel, R. and Butt, T. (2017) Sample Preparation for X-ray Diffraction Analysis: Retsch
Application Report, p. 1-4,
https://www.researchgate.net/publication/317000342_Sample_Preparation_for_X-Ray_Diffr
action_Analysis.
Nagao, K., 2020, Introduction to powder X-ray diffractometry: Rigaku Journal, no. 36(2), p.
19-24.

32

Omori, M. (2021) Powder X-ray Diffraction Basic Course Third Installment: Sample preparation
and measurement conditions to obtain high-quality data: Rigaku Journal, no. 37, p. 21-25.
Reynolds, R. C., 1989, Principles of Powder Diffraction, in Bish, D. L., and Post, J. E., eds.,
Modern Powder Diffraction: Reviews in Mineralogy & Geochemistry, v. 20, p. 1-17,
doi:/10.1515/9781501509018.
Rigaku, Application Note B-XRD1001: quantitative analysis of a 4-component sample using a
benchtop X-ray diffractometer: https://www.rigaku.com/applications/b-xrd1001 (accessed
April 2022).
Scarlett et al., 2002, Outcomes of the International Union of Crystallography Commission on
Powder Diffraction Round Robin on Quantitative Phase Analysis: samples 2, 3, 4, synthetic
bauxite, natural granodiorite and pharmaceuticals: Journal of Applied Crystallography, v. 35,
383-400.
Stepanovs et al., 2016, Structural characterization of cevimeline and its trans-impurity by single
crystal XRD: Journal of Pharmaceutical and Biomedical Analysis, no. 118,
doi:10.1016/j.jpba.2015.11.006.
Stutzman, P.E., Feng, P., and Bullard, J.W., 2016, Phase Analysis of Portland Cement by
Combined Quantitative X-Ray Powder Diffraction and Scanning Electron Microscopy:
Journal of Research of the National Institute of Standards and Technology, no. 121,
doi:10.6028/jres.121.004.
University of Alberta Faculty of Science, 2021, X-Ray Diffraction Laboratory: Sample
Preparation, https://cms.eas.ualberta.ca/xrd/sample-preparation/ (March 2021).
University of Lodz, Generation of X-ray: Nuclear E-cology,
https://sites.google.com/site/nuclearremotelaboratory/x-ray/x-ray-tube (March 2021).

33

Appendix A
Terminology
Table 1: Definitions, explanations, and comments for the terminology used throughout this paper.

Term

Explanation

Comments

accuracy

How close the measured or calculated value
is to the true value

In the context of future work,
accuracy refers to how close
the program’s calculated
mineral amounts are to the
real (known) amounts.

atomic plane

A layer of atoms found in a crystal structure

See Figure 1 for a
visualization.

ball mill

An instrument used to grind samples down
to a desired grain size

Figures 6 and 7

Crystallographic
Open Database

A specific open-source database of match
units

The initial match units
selected for each sample will
come from this database.
Often abbreviated COD.

intensity

The number of X-rays that hit the detector.
This is recorded in counts. Intensity can also
be recorded as the number of X-rays that hit
the detector in a given unit of time, in which
case it is recorded in counts per second
(cps). It represents the height of peaks.

An intensity above
background is caused by the
diffraction of the X-rays off
of the sample. When intensity
is graphed versus angle, a
spectrum is produced that
shows the angles of peak
intensity (Figure 4).

limit of detection

The amount of a mineral in a mixed sample
such that the XRD’s software can no longer
detect that it is present in the sample

Future work should aim to
determine this limit for
CWU’s XRD.

limit of
quantification

The amount of a mineral in a mixed sample
such that the XRD’s software cannot
accurately determine how much of that
mixture is in the sample

Future work should aim to
determine this limit for
CWU’s XRD.
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match unit

A data file showing the locations and
relative intensities of diffraction peaks for a
previously measured compound or
substance

Match units are compared to
the intensity-versus-angle
graph produced by the XRD
when measuring a sample
(Figure 5). They are often
located together in databases.

peak

A spike in the intensity at a specific angle,
above the background intensity.
Crystallographic peaks (i.e., those caused by
diffraction of X-rays off of crystal faces)
are sharp and slim.

For the purposes of this
project, peaks are considered
as being at least 2-3 times the
height of that of the
surrounding background
intensity. In addition, they
must have an intensity of 100
counts or more. For an
example of crystallographic
peaks, see Figure 4.

precision

The amount of data scatter; how close
measurements or calculations of the same
thing are to each other.

In the context of future work,
precision refers to how close
the program’s calculations of
the same sample are to each
other.

qualitative analysis

The identification of the minerals in a
sample

The XRD’s software is
capable of performing
qualitative analysis.

quantitative
analysis

The identification of both the minerals in a
sample and the numerical amounts of each

The XRD software is also
capable of performing
quantitative analysis.

sample

A specific material being studied

In this project, the materials
being studied are minerals.
Future work should include
synthetic mixtures and real
rocks.

spectrum

The graphical representation of a set of data
collected by the XRD when it measures a
sample. The plural of spectrum is spectra.

Usually, intensity is graphed
versus the angle of the X-ray
detector (2-theta) to produce a
spectrum. Different minerals
produce distinct spectra.
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standard operating
procedure

A set of instructions for how to operate a
piece of equipment and perform tasks
associated with it (such as how to operate its
software)

My project lays the
groundwork toward
developing and refining a
standard operating procedure
for quantitative analysis
using CWU’s XRD. Often
abbreviated SOP.

step

The smallest amount of movement that the
sample/detector performs at a time. How
quickly these movements occur depends on
the speed of measurement.

I performed all XRD
measurements with a step of
0.02 degrees.

well

The depression in a sample holder that the
sample is packed into

X-ray

A type of electromagnetic radiation. X-rays
are invisible to the human eye and can pass
through most objects.

They have a wavelength of
0.01 to 10 nanometers (one
nanometer is equal to 10-9
meter, or one-billionth of a
meter).

X-ray diffraction

Constructive interference of waves when
hitting sets of atomic planes at specific
angles that depend on the spacing of the
planes and the X-ray wavelength

Atomic planes diffract X-rays.
Note that in this paper,
diffraction and X-ray
diffraction are used
interchangeably.

X-ray
diffractometer
(XRD)

A scientific instrument used to determine
the crystal structure of samples using
X-rays

zero-background

A type of XRD sample holder that has a
crystal around the well that is designed to
absorb X-rays instead of diffracting them.
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The holder on the right in
Figure 11 is zero-background.
Figure 15 compares data
collected for the same sample
using the holders in Figure 11.

APPENDIX B
Figures Explaining the Generation of X-rays

Figure 11: Visualization of how X-rays are generated by the XRD. Electrons, excited by the heated filament,
travel towards the metal target at high speeds due to its positive charge. When these electrons strike the
target, X-rays are generated (Figure 12). Modified from University of Lodz.

Figure 12: Illustration how electrons striking the metal target cause the generation of X-rays. The incoming
electron collides with an electron in a metal atom, knocking out the atom and leaving a hole in its place. An
electron in a higher energy orbit around the nucleus then moves “down” in energy level to fill this hole. The
excess energy released by the electron as it changes energy levels is emitted from the atom as an
electromagnetic wave, which in this case is an X-ray. Modified from Lorca et al. (2014).
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Appendix C
List of Samples Used
All samples with the source listed as “Discovery Hall” originated from the Department of
Geological Sciences’ rock archives in Discovery Hall but did not have collection locality
information. I performed quantitative analysis to assess the purity of samples marked with an
asterisk (*).
Mineral samples used in this project:
01 - Silica Flour (Manufacturers Mineral Co.)*
748 - Olivine (North Carolina dunite)*
02 - Olivine (Twin Sisters dunite)
03 - Plagioclase (Discovery Hall)
04 - Anorthoclase (Larvik, Norway)*
05 - Andesine (Saranac, New York)*
06 - Labradorite (Discovery Hall)*
07 - Potassium Feldspar (Discovery Hall)*
08 - Muscovite (Discovery Hall)
09 - Biotite (Discovery Hall)
10 - Garnet Sand (Boulder Cave, road bridge on WA 410)*

38

Appendix D
Raw Data Used for Purity Assessments

Silica Flour 27-Minute Data
General information
Analysis date
Sample name
File name

2022/05/01 14:23:07
Silica Flour, run time 27 min
01 Silica Flour 27 min
run .ras

Measurement date
Operator

2021/05/20 14:42:06
CWU GEOLOGY

Scan speed / Duration time
Step width
Scan axis
Scan range
Incident slit
Length limiting slit
Receiving slit #1
Receiving slit #2

3.0000 deg/min
0.0200 deg
Theta/2-Theta
5.0000 - 80.0000 deg
1.250deg
10.0mm
8.0mm
13.0mm

Comment

Measurement conditions
X-Ray
Goniometer
Attachment
Filter
CBO selection slit
Diffrected beam mono.
Detector
Scan mode

40 kV , 15 mA
MiniFlex 300/600
ASC-6
K-beta(x2)
None
D/teX Ultra
CONTINUOUS

Measurement profile

1.2e+005

Intensity (counts)

1.0e+005
8.0e+004
6.0e+004
4.0e+004
2.0e+004
0.0e+000
20

40
2-theta (deg)
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60

80

Olivine (748) 8-Minute Data
General information
Analysis date
Sample name
File name

2022/04/30 19:23:33
Olivine, 65 min
748 Olivine, NC RAW
DATA.ras
First pass for all samples

Comment

Measurement date
Operator

2021/03/09 16:20:03
CWU GEOLOGY

Scan speed / Duration time
Step width
Scan axis
Scan range
Incident slit
Length limiting slit
Receiving slit #1
Receiving slit #2

10.0000 deg/min
0.0200 deg
Theta/2-Theta
5.0000 - 140.0000 deg
1.250deg
10.0mm
8.0mm
13.0mm

Measurement conditions
X-Ray
Goniometer
Attachment
Filter
CBO selection slit
Diffrected beam mono.
Detector
Scan mode

40 kV , 15 mA
MiniFlex 300/600
ASC-6
K-beta(x2)
None
D/teX Ultra
CONTINUOUS

Intensity (counts)

Measurement profile

2000

1000

0
20

40

60

80

2-theta (deg)

40

100

120

140

Anorthoclase 27-Minute Data
General information
Analysis date
Sample name
File name

2022/05/01 14:30:37
Anorthoclase, 50 min
04 Anorthoclase 27 min
run.ras

Measurement date
Operator

2021/05/18 15:03:05
CWU GEOLOGY

Scan speed / Duration time
Step width
Scan axis
Scan range
Incident slit
Length limiting slit
Receiving slit #1
Receiving slit #2

3.0000 deg/min
0.0200 deg
Theta/2-Theta
5.0000 - 80.0000 deg
1.250deg
10.0mm
8.0mm
13.0mm

Comment

Measurement conditions
X-Ray
Goniometer
Attachment
Filter
CBO selection slit
Diffrected beam mono.
Detector
Scan mode

40 kV , 15 mA
MiniFlex 300/600
ASC-6
K-beta(x2)
None
D/teX Ultra
CONTINUOUS

Measurement profile

Intensity (counts)

1.5e+004

1.0e+004

5.0e+003

0.0e+000
20

40
2-theta (deg)
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60

80

Andesine 8-Minute Data
General information
Analysis date
Sample name
File name

2022/05/01 14:32:10
Andesine, 85 min
05
Andesine
RAW
DATA.ras
First pass for all samples

Comment

Measurement date
Operator

2021/04/14 16:08:31
CWU GEOLOGY

Scan speed / Duration time
Step width
Scan axis
Scan range
Incident slit
Length limiting slit
Receiving slit #1
Receiving slit #2

10.0000 deg/min
0.0200 deg
Theta/2-Theta
5.0000 - 140.0000 deg
1.250deg
10.0mm
8.0mm
13.0mm

Measurement conditions
X-Ray
Goniometer
Attachment
Filter
CBO selection slit
Diffrected beam mono.
Detector
Scan mode

40 kV , 15 mA
MiniFlex 300/600
ASC-6
K-beta(x2)
None
D/teX Ultra
CONTINUOUS

Measurement profile

5000

Intensity (counts)

4000
3000
2000
1000
0
20

40

60

80

2-theta (deg)
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100

120

140

Labradorite 8-Minute Data
General information
Analysis date
Sample name
File name
Comment

2022/05/01 14:33:51
Labra, 70 min
06 Labradorite.ras
First pass for all samples

Measurement date
Operator

2021/04/14 16:23:18
CWU GEOLOGY

Scan speed / Duration time
Step width
Scan axis
Scan range
Incident slit
Length limiting slit
Receiving slit #1
Receiving slit #2

10.0000 deg/min
0.0200 deg
Theta/2-Theta
5.0000 - 140.0000 deg
1.250deg
10.0mm
8.0mm
13.0mm

Measurement conditions
X-Ray
Goniometer
Attachment
Filter
CBO selection slit
Diffrected beam mono.
Detector
Scan mode

40 kV , 15 mA
MiniFlex 300/600
ASC-6
K-beta(x2)
None
D/teX Ultra
CONTINUOUS

Measurement profile

Intensity (counts)

4000

3000

2000

1000
0
20

40

60

80

2-theta (deg)
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100

120

140

Potassium Feldspar 27-Minute Data
General information
Analysis date
Sample name
File name

2022/05/01 14:35:04
K Feldspar, 50 min
07 Potassium Feldspar 27
min run (original holder).ras

Measurement date
Operator

2021/05/11 14:59:00
CWU GEOLOGY

Scan speed / Duration time
Step width
Scan axis
Scan range
Incident slit
Length limiting slit
Receiving slit #1
Receiving slit #2

3.0000 deg/min
0.0200 deg
Theta/2-Theta
5.0000 - 80.0000 deg
1.250deg
10.0mm
8.0mm
13.0mm

Comment

Measurement conditions
X-Ray
Goniometer
Attachment
Filter
CBO selection slit
Diffrected beam mono.
Detector
Scan mode

40 kV , 15 mA
MiniFlex 300/600
ASC-6
K-beta(x2)
None
D/teX Ultra
CONTINUOUS

Measurement profile

Intensity (counts)

1.0e+004

5.0e+003

0.0e+000
20

40
2-theta (deg)
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60

80

Garnet Sand 8-Minute Data
General information
Analysis date
Sample name
File name
Comment

2022/05/01 14:36:53
Garnet Sand, 60 min
10 Garnet.ras
First pass for all samples

Measurement date
Operator

2021/04/23 13:41:18
CWU GEOLOGY

Scan speed / Duration time
Step width
Scan axis
Scan range
Incident slit
Length limiting slit
Receiving slit #1
Receiving slit #2

10.0000 deg/min
0.0200 deg
Theta/2-Theta
5.0000 - 140.0000 deg
1.250deg
10.0mm
8.0mm
13.0mm

Measurement conditions
X-Ray
Goniometer
Attachment
Filter
CBO selection slit
Diffrected beam mono.
Detector
Scan mode

40 kV , 15 mA
MiniFlex 300/600
ASC-6
K-beta(x2)
None
D/teX Ultra
CONTINUOUS

Measurement profile

Intensity (counts)

4000

3000

2000

1000

0
20

40

60

80

2-theta (deg)
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100

120

140

Appendix E
Full Purity Assessment Results

01 Silica Flour phase

Phase match unit

Content (wt. %)

Quartz (SiO2)

7103014

100.000000

748 Olivine (NC Dunite)

Phase match unit

Content (wt. %)

Olivine(Mg2SiO4)

9001096

98.95(9)

Chromite (Cr2Fe0.76Mg0.24O4)

9007322

1.05(9)

04 Anorthoclase phase

Phase match unit

Content (wt. %)

Oligoclase

9011422

74.5(12)

9002310

18.6(6)

9004411

6.9(13)

phase

(Al1.179Ca0.179Na0.821O8Si2.821)
Annite
(Al1.64Fe2.68K0.96O12Si2.64)
Muscovite
(Al1.93H2K0.894O12Si3.772)
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05 Andesine phase

Phase match unit

Content (wt. %)

Andesine

8103560

96.54(18)

Al4Cu0.17Mg1.83O18Si5

4030745

2.36(15)

Biotite

9002303

1.10(8)

(Na0.685Ca0.347 Al1.46Si2.54O8)

(Al3.56Cl0.09F0.33Fe2.96Mg1.41Na0.04O23.61
Si5.45Ti0.33)

06 Labradorite phase

Phase match unit

Content (wt. %)

Labradorite

8103636

100.000000

(Na0.45Ca0.55Al1.55 Si2.45 O8)

07 Potassium Feldspar phase

Phase match unit

Content (wt. %)

Orthoclase (KAlSi3O8)

1011205

50.6(6)

Muscovite

9006328

37.0(4)

9015085

12.5(7)

(Al11.21Fe0.41K2.40Mg0.17Na1.48O48Si12.17
Ti0.09)
Beryl
(Al2.72Fe0.77H21.89Mg0.52Na0.85O36Si12)
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10 Garnet Sand phase

Phase match unit

Content (wt. %)

Pyrope

9001190

83.7(10)

Graphite (C)

9012230

7.4(7)

Almandine (Al2Fe3O12Si3)

9006111

7.8(9)

Magnetite (Fe3O4)

9002328

1.2(4)

(Al15.61Ca3.13Fe5.27Mg16.02Mn0.17
O96Si23.33Ti0.20)
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Appendix F
Additional Grain Size Distribution Graphs

49

50

51

52

53

54

55

Rigaku MiniFlex 600 XRD
Standard Operating Procedures (SOP)
Angela Halfpenny office: 338, office phone: 509-963-2826, mobile: 509-607-9748
Instrument Lab room number: 310, Instrument Lab phone: 509-963-2704
Note: It takes 16 minutes for the system to start-up, then a wait period of 14 minutes, giving
a total of 30 minutes before analysis can be performed. If you have used the Timer function
to ramp up the filament, please go to the section labelled XRD Sample Preparation and follow
the instructions from there.
XRD Startup Procedures
1. Note: The XRDs standard operating setup is with the ASC-6 sample holder installed (6
sample holder) and the D/teX detector installed (strip detector). If you would like to
use the single sample (SS) holder (for glass slides) or the SC-70 detector, please
contact Angela Halfpenny to change the configuration. When you have finished
please contact Angela Halfpenny to change the configuration back to standard.
2. Open MiniFlex Guidance, using the Login name: CWU Geology and leaving the
password field blank, click OK.
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3. You have to wait until the Starting…. dialogue box goes away before you can do
anything

4. You will then have a screen which looks like the picture below
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5. The left panel shows you the current setup of the instrument.

Flashes while recording
measurements

Flashes during startup
and while recording
measurements

6. Check water flow is > 3.5 L/min and that the detector assigned is Main Detector
D/teX.
Note: During and after instrument startup it is normal for the Water Flow icon to
temporarily flicker to a caution symbol. This is ok as long as flow is above minimum.
7. Check if the X-ray Tube Voltage and Tube Current is at its minimum settings (Tube
Voltage= 20 kV & Tube Current = 2 mA) or at operating conditions (Tube Voltage= 40
kV & Tube Current = 15 mA).
8. If X-ray tube is at minimum conditions you will need to ramp up the X-ray tube by
pressing the Startup button under the Package/Macro Measurement window (this
will open a new dialogue box).
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9. Next to Generator Usage click on the Down Arrow and choose Not Used for 2 Days
– 1 week, unless the instrument has been run in the last day then select Use
Everyday. Check that the Voltage is 40 kV and Current is 15 mA and click Execute
Time to
perform
the Aging
varies
based on
the
Generator
Usage
chosen

10. A new dialogue box will open called Hardware Control with the message “aging
process started”. It will take 16.5 minutes for the X-ray tube to ramp up if Not Used
for 2 Days – 1 week was selected or 7.5 minutes if Use Everyday was selected.

Use Everyday

Not used 2 days
– 1 week

Not used 1-3
weeks

11. Note: You have to wait 10 minutes after the x-ray tube has reached operating
conditions before you can set an experiment running. So, the total start up time is
between: 18 to 25 minutes (depending on the start-up procedure).
12. There is a Timer function for Startup so
you can set what time you would like the
XRD to automatically start ramping up the
X-ray tube to the operating conditions. To
set this click on Startup, then check box
next to the word Timer, then choose the
Date you would like to use the
instrument and what Time you would like
the instrument to either Start the aging
process or when you would like the aging
process to End, press OK. Remember you
still have to wait 10 minutes after the
aging process has ended before you can run an experiment. Note: can only use the
timer function if you will be using the instrument the next day.
13. Perform Sample Preparation whilst you are waiting for the XRD to complete startup.
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XRD Sample Preparation
1. Note: If you have not set the XRD to “ramp up” via the timer function, you should go
to the XRD and perform the Startup procedures as it will be 30 minutes before you
can use the XRD to analyse your samples.
2. If grinding sample to a powder, the particle size needs to be < 45 µm, ideally for semiquant work, or 5 to 10 µm for quantitative analysis.
3. Choose a suitable holder from the options available, which includes:
2mm Indent aluminium (unlabelled, 2455E442)
0.5mm Indent (anodised aluminium, 900008)
0.5mm Indent, Si510 (Zero Background, 906168)
0.2mm Indent (anodised aluminium, 900007)
10mm x 0.2mm Well, Si510 (Zero Background, 1000207)
5mm x 0.2mm Well, Si510 (Zero Background, 1016621)
0.1mm Indent, Si510 (Zero Background, 906169)
2455E442

900008

900007

906168

906169

1000207

1016621

4. Use a Zero background holder for Organic samples. Use the Deepest holder you can
for the amount of sample you and still be able to pack it solid. Note: The more sample
the better the count statistics.
5. Clean the Holder and Tools for sample preparation using Ethanol or before use.
6. Choose how you are going to prepare your samples, either (A) using the round sample
prep press for backloading, (B) frontloading using the square piece of glass.
7. (A) If using the round sample prep press, then unscrew the bottom and place the
chosen holder on top of the glass circle and then screw the bottom back on making
sure the sample holder stays centered. Then pour the powder into the holder and use
the Teflon ram to compact the sample and create a smooth surface.
8. (B) Place the Holder onto the Square piece of Glass, place the Sample into the Indent
using a spatula. Use the Side of a Glass Slide to compact the sample and spread it out
to the boundaries, by using a Chopping Action. To create a Smooth Sample Surface
compact the sample using the Thick Glass Circle or a glass slide.

9. Clean off any Excess material from around the edges of the holder using a Corner of a
Kemwipe which has been wetted with ethanol or the small Paintbrush.
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10. Test the Sample Packing by Tilting the Sample Upside Down and holding it there. If
the sample falls out, it was not packed well enough. Reprepare the sample.
11. Place the Sample(s) to the Black Metal Sample Tray for transportation to the XRD.
XRD Analytical Operation
1. To load your samples, press the Door Lock button on the front of the instrument. It
will light up with a solid yellow light and give a continuous tone. Once the continuous
tone and then begin to beep and the light will flash, you can now open the door.
2. Place your Samples onto the ASC-6 sample holder taking note of which sample is in
which position. There is a Si (SRM 640e in 900007 holder) standard for use if required.
3. Release the Knife edge by removing the screw on the right side, will end up 1mm
above the sample surface.
4. Standard slit setup DS = 1.25°, SS = 8mm + Kß fliter, RS = Open. Slit choices available
are DS: open 13mm or 1.25° or 0.625°, SS: open 13mm or 8mm, RS position: open
13mm or 1.25° or 0.3°. If what you need is not in the change them.
Cu X-ray
tube

Soller 5°

Knife Edge

Soller
(rec) 5°

SS

DS

ASC-6

D/teX

RS

Beam Stop

5. Close the door, press the Door Lock button again, the tone and the flashing
will stop.
p
6. If you are unsure how long it has been since the x-ray tube was ramped up, you can
look in the History for Starting Up and then add 30 minutes to the time, if the current
time is after that you are ready to analyse your samples.
7. Check under the Package/Macro Measurement window to see which macro is loaded
(shown in blue).
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Displays the macro
choices available when
down arrow is pressed
Shows the active macro

8. If it is not the macro you want to choose click on the Down Arrow and choose the
correct macro from the list and click Open.
9. Then click on General Measurement which will open a new dialogue box with the
same name.

10. Click on the … icon, and navigate to C/Rigaku Data/Surname firstInitial (Yours Data
folder) and click Ok.
11. Add what each sample should be saved as under File name. Files cannot have the
same name.
12. You can write in notes about the sample under Sample name.
13. Note: please add in the Code for the holder you are using for the sample under Memo,
may be useful when processing the data, later.
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14. Click on the box below Spin if you would like the sample to Rotate whilst analysing
(not possible with single holder). This is recommended as it helps to deal with any
preferred orientation of the grains which may have been introduced during sample
preparation. Note: do not spin the sample if you have magnetic samples.
15. Check under Sample that the number correctly corresponds to where you placed the
sample in the ASC holder and the information you have entered.
16. Under Condition choose which methodology you would like the sample to be analysed
by. To set up an appropriate methodology press Set Meas. Conditions… this will open
a new dialogue box.
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Can have 10 different methods

17. Check that the Optical devices options correspond to what is placed in the instrument.
18. Under Measurement condition chose the angular range for the detector to move
between under Start and Stop. Chose the Step and the Speed. The calculated scan
duration, at the bottom, tells you how long the scan is expected to take under the
chosen conditions. You can program up to 10 different measurement methodologies.
When finished click OK and you will return to the General Measurement dialogue box.
19. Click Run on the General Measurement window to start the analysis or click on OK to
setup an Automatic System Shutdown when the analysis finish.
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20. A new Message box will open asking you to confirm that the instrument is set-up
with the Optical Devices defined. Only option normally changed is DS: from 1.250° to
0.625° If unsure open the door again and check before clicking OK.

21. The analysis will now begin and you will see a flashing green circle in the General
Measurement box.

22. As the data acquisition is being performed on the sample(s), you will see the data
curves appear on the main screen.
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23. When the measurement is finished, the green circle will disappear from the General
Measurement bar. The samples may now be removed from the chamber, remember
to Raise the Knife Edge by replacing the Screw to hold it up.
24. Insert the next batch of Samples for analysis onto the holder or leave Empty if there
are no more samples to run.
25. If you are finished running analyses and there is no-one using the instrument after you
then you need to place the instrument back to its Minimum Conditions by clicking on
Shutdown under the Package/Macro Measurement window which will open a new
dialogue with the same name.

26. Check that XG set: reads Set to minimum and then press the Execute button.

Shutting the
instrument
down in person

Automating
the instrument
shutdown

27. If the sample run will Finish at a time when you will not be able to shutdown the
instrument yourself, then check the Box next to Execute and click OK. Then click
Execute on the Package/macro Measurement panel to run the samples and
automatically place the instrument in standby when the analysis finishes.
28. A Hardware Control dialogue box will open showing
that the software is Setting X-ray loading to 20 kV,
2 mA…
29. Once the XRD is back at its minimum settings (Tube
Voltage= 20 kV & Tube Current = 2 mA), Close the
Miniflex Guidance software.
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XRD Sample Cleanup
Note: It is the legal responsibility of the user to correctly label and dispose of all waste
material, not the Murdock Research laboratory (MRL). All solid waste material should be
taken away from the laboratories with the user and disposed of according to the defined
protocols. Please contact the Environmental Health and Safety (EH&S) department on 509963-2252 or 509-963-2255 for assistance with your specific disposal protocols.
1. Take samples back through to room 313: Sample Preparation.
2. Remove material from holders and place in a waste container. Disposal of the waste
material is the responsibility of the user and should be performed in their own
department. The MRL has no responsibility for disposing of user’s waste material. All
waste material should be removed at the end of each instrument session.
3. Thoroughly clean the holders using water and fully dry.
4. Replace sample holders back into the plastic storage container.
Data Processing Locations
The software used to analyse the collected XRD spectra is called PDXL. Data processing can
be performed on the computer which runs the XRD. This is the only computer which has
access to the ICSD (NIST) and ICDD databases. Please only perform data processing when the
instrument is NOT running data collection. If you book time on the XRD computer to perform
data processing through ACLS, you will be charged $5 per hour for that time.
There are three post-processing PC’s setup with the software and dongles in room 303 that
can be booked through ACLS. Please note that these post-processing PC’s only have access to
the crystallography open database (COD) and any databases created in-house. These postprocessing PC’s are free to use.
It is also possible to sign out a dongle from Angela Halfpenny to work on your own computer,
but you will only have access to the only have access to the crystallography open database
(COD) and any databases created in-house. Some research groups have already signed out a
dongle which is setup on a shared computer within the group’s research space. Currently Dr
Diaz and Dr White have signed out dongles within their research space. There are a limited
number of dongles available.
If you use COD please make sure you reference it correctly in any papers using data processed
using the database (two reference papers for COD are included on the pen drive please copy
them for your use).
Note: each software dongle is worth $350 so if it gets lost, you will have to pay to replace it.
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Setting up PDXL2 on your own computer
1.
2.
3.
4.
5.

Insert the CD or pen drive containing the software.
Click RIlauncer
On the software install go to Install USB dongle.
Follow the instructions from the install wizard.
Insert the USB dongle and make sure the yellow LED on the dongle lights up (you may
have to search for the driver that has just been installed yourself).
6. On the software install click on Install Products and choose All (the dongle must be
plugged in and working). It will then install all the software licensed to the USB dongle.
7. Once the PDXL2 icon has turned up on the desktop of the computer you can click Back
on the install software and Exit on the install wizard.
8. Double click on the PDXL2 icon, take note of what has turned up as the login name
and then change the login name to Administrator with no password and click OK to
login.
9. If you have set the software up on your personal computer, not a shared computer,
then go to File – User Management, type the login name that turned up automatically
into the login section when you opened PDXL2 and click add.
10. From now on when you open the software you will be able to just click OK.
11. Then go to PDXL COD setup on the pen drive and follow the instructions of the
installation wizard to add the COD database to the software.
12. You are now ready to process your spectra.
Phase ID of Spectra using PDXL software
1. Double click on PDLX2 icon to
open software (dongle has to be
inserted for software to open).
The login name will be pre-filled
with whatever the login on the
computer is. Change the login
name to Administrator, click OK
and the software will open.
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2. Top left corner underneath the Flow tab
click on Load and then navigate to the data
set you wish to process. Click on the data
set so it is highlighted and click on Open.
The data set will now be displayed on the
graph. If you are working on a project you
have saved earlier choose File-Open
Project, then navigate to the pds project
you wish to open. Click on the project so it
is highlighted and click on Open. The data
or project will now be shown on the graph.
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3. What is or isn’t displayed above the spectra peaks depends on the graph label options
and if Peakbar1 is on or off. To check or change the label options go to Graph-Graph
Options-Label- under Peak Label display settings choose Select which will open
a new window, then check the boxes against the items you wish to see.

4. Note: If an icon is highlighted in orange it is turned on. If the icon is highlighted in blue
it is not selected.
5. To perform a phase identification, under the Flow tab click on Auto Search, the rightside menu will change and then on the top right under the Analysis – Identification
(Auto Search) tab click on Auto Search and a new auto search dialogue box will open
that has 3 tabs (Sub-file, Elements Filter, Other). On the Sub-file tab select the specific
sub-file groups if appropriate (this will limit the number of database phases searched),
otherwise leave on All Sub-files. On the elements filter tab select any elements that
are definitely contained (included) or not possible (not included) or leave empty
(multiphase sample). On the other tab make sure all databases are selected and check
boxes as required to select the option. Add phases to the candidate list should always
be checked. Once all selections are complete on the 3 tabs click on Execute. This will
close the dialogue box.
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6. Note: the previous auto search settings such as - include a particular element can stay
active after you open/close the software so check all tabs before executing, especially
on multiuser computers.

7. On the right hand side the software will have automatically placed the phases it thinks
are the best match into the candidate phase box (if add phases to the candidate list
was selected). On the main graph click on the Phase Data View tab.

8. Whichever phase is Highlighted in Grey on the candidate phase list – is the phase that
is displayed as green bars on the spectra graph (top middle). Rotate the scroll wheel
forwards and backwards to see how well the green bars match the spectra. If there
are green bars for the suggested phase that do not match peaks in the spectra then it
is not a good fit. Click on the + to the left of the phase name to expand the list, click
on the other phases in the list and repeat the scroll wheel rotation to see if any of the
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other options are a good fit. If not, the phase should be removed from the candidate
phase list by clicking on the Up arrow
above the candidate phase box. Repeat
this process until only phases that actually match the spectra are left. Click on Set so
the matched phase(s) show in the peak list.

9. If there are any peaks left in the list that are still labelled as Unknown under Phase
Name then perform auto search again. Another option is to select a particular peak
that has no phase name, check the box under the No. column then run the auto search
again. This time it will be looking for phases that match the particular peak you have
selected and will add a new set of phases into the candidate phase list. Repeat step 8
& 9 until all peaks have a phase match or are actually noise (small peak height). Once
the phase identification is complete go to File-Save As and save the data set as a
project. When you open a project all of the phase matches will be in the data set, so
you don’t have to keep redoing it.
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Quantification of Phases using WPPF in the PDXL software
1. Double click on PDLX2 icon to open software (dongle has to be inserted for
software to open). The login name will be pre-filled with whatever the login
on the computer is. Change the login name to Administrator, click OK and
the software will open. Top left corner choose File-Open Project, then
navigate to the pds project you wish to open. Click on the project so it is highlighted
and click on Open. The data or project will now be shown on the graph.

2. What is or isn’t displayed above the spectra peaks depends on the graph
label options and if Peakbar1 is on or off. To check or change the label
options go to Graph-Graph Options-Label- under Peak Label display settings
choose Select which will open a new window, then check the boxes against the items
you wish to see. If an icon is highlighted in orange it is turned on. If the icon is
highlighted in blue it is not selected.
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3. Under the Flow tab click on WPPF (Whole Powder
Pattern Fitting) the right side menu will change to
Analysis – WPPF. Ensure that under Background the
check box next to Refine is ticked and under
Amorphous the check box next to Refine is ticked (if
there is an amorphous phase in list otherwise will be
greyed out). Next, the items to be refined for each
phase have been automatically defined by the
software but can be edited by right clicking on a cell
in the table and a new window will appear where
Refine (parameter will be altered) can be changed to
Fix (parameter will not change?) and vice versa.

4. Note: When performing quantitative analysis it is recommended Not to Refine the
Crystal structure (have set to Fix).
5. Click on Stimulate to display the calculated data based on the crystal structure
information.

6. Click on Refine to execute the refinement and the analysis results will be displayed in
the Parameters dialogue box (bottom right). A new window will open called Rwp, it
can be closed when refinement has been completed. Go to Analysis and select
Analysis Results which will open a new window called Analysis Results. Click on the
Quantity tab to see the quant results.
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Murdock Research Laboratory (MRL)
X-Ray Instrumentation User Declaration
I acknowledge that I have performed the following background requirements before hands-on
instrument training will begin:

Yes No

1. Read the Radiation Safety Manual

Initial: ____________________________

2. Watched the X-Ray safety video

Initial: ____________________________

3. What does ALARA stand for? ___________________________________________________
I am aware of the following laboratory rules and agree to abide by them:
1. All samples will be bought to the laboratory in a secondary container, which will be labelled
with; (A) Researchers contact details including name, phone number and email address, (B)
description of the samples such as soils, (C) description of the sample hazards such as not
hazardous or caustic etc.
2. User will provide, if possible, Safety Data Sheet (SDS) for samples.
3. All samples will be removed from the lab as soon as analysis is complete.
4. User will comply with all MRL + EH&S rules for safe operation of X-ray source instruments.
5. Declaration of pregnancy is the sole responsibility of the User. Once declared, there is a radiation
equivalent-dose limit to the surface of the user’s abdomen of 0.5 rem for the remainder of the
pregnancy (approximately 0.05 rem per month).
6. User will report any damage to MRL equipment to staff as soon as possible. Note: personnel that
cause damage to instrumentation or equipment in the MRL due to misuse or negligence may be
liable for any repair costs incurred.
Title: ______ Given Name: ______________________ Family Name: ________________________
Signature: ________________________________________ Date: ____________________________
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Training Records
Resource

Certificate

Onsite
Supervision

Status Issued Time

Trainer

Malvern Mastersizer 3000 with
Hydro MV or LV Cell

MASTERSIZER
USER

No

Active

08/11/2021
13:06:57

Breanyn
MacInnes

Rigaku MiniFlex 600 Benchtop Xray Diffractometer (XRD)

XRD USER

No

Active

13/04/2021
14:54:43

Angela
Halfpenny
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